Pipes or chimneys? For carbon cycling in small boreal lakes, precipitation matters most by de Wit, Heleen A et al.
SPECIAL ISSUE-LETTER
Pipes or chimneys? For carbon cycling in small boreal lakes,
precipitation matters most
Heleen A. de Wit ,1* Raoul-Marie Couture,1,2 Leah Jackson-Blake,1 Martyn N. Futter,3 Salar Valinia,1,4 Kari Austnes,1
Jose-Luis Guerrero,1 Yan Lin1
1Norwegian Institute for Water Research, Oslo, Norway; 2Departement de Chimie, Universite Laval, Quebec, Quebec,
Canada; 3Swedish University of Agricultural Sciences, Uppsala, Sweden; 4Swedish Environmental Protection Agency,
Stockholm, Sweden
Abstract
Are small lakes passive pipes transporting terrigenous organic carbon (dissolved organic carbon [DOC]), or
chimneys for CO2 release in the landscape? Using a unique combination of 30-yr measurements, sediment
dating and modeling of a small humic lake and its catchment in southeast Norway, we calculated lateral
DOC fluxes and in-lake retention. Concentrations and fluxes rose significantly, driven by declining sulfur
deposition and increased precipitation. In-lake retention (% of inputs) declined because of higher discharge
and lower residence times. DOC removal rates were not sensitive to residence time. Modeled in-lake DOC
removal was driven primarily by microbial metabolism and, secondarily, by flocculation, suggesting that the
likely fate of lake-retained DOC is CO2 evasion to the atmosphere. Precipitation was the overriding landscape
control on DOC fluxes and retention. In a wetter climate, small northern lakes will, on balance, function
more as pipes than chimneys, with increasing lateral DOC fluxes but little change in CO2 production.
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Scientific Significance Statement
Aquatic fluxes of terrestrial dissolved organic carbon (DOC) and retention of DOC in lakes in boreal landscapes are
impacted by global change. A shift in the role of lakes as processors of DOC and producers of atmospheric CO2 is of inter-
est to understanding the role of northern landscapes in the global carbon cycle. This study provides evidence that percent-
age of DOC retained in a boreal, humic lake catchment declines in years with high precipitation as a result of lower water
residence times, while lateral DOC fluxes increase. The retained DOC is likely returned to the atmosphere as CO2, suggest-
ing that in a wetter climate, small northern lakes will, on balance, function more as pipes than chimneys.
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A significant fraction of the world’s lakes are small and/or
found in the boreal landscape (Verpoorter et al. 2014), which
is one of the world’s largest ecozones and contains over 20%
of all soil carbon. Many boreal lakes are characterized by
high inputs of terrigenous (catchment-derived, allochtho-
nous) organic carbon and have low rates of primary produc-
tivity. Aquatic pathways form an integral part of the
landscape through transport, processing, storage of terrestrial
carbon, and release of greenhouse gases (Tranvik and Jansson
2002; Cole et al. 2007). In the soil-water continuum of
northern landscapes, carbon cycling is sensitive to climate
change (Catalan et al. 2016; de Wit et al. 2016b; Seddon
et al. 2016) and atmospheric deposition (Monteith et al.
2007), and may add to climate warming through higher
release of greenhouse gases (Campeau and Del Giorgio 2014)
and lower terrestrial carbon sequestration (Oquist et al.
2014; de Wit et al. 2016a). In large parts of the northern
hemisphere, changes in carbon cycling have been noted
through the large increase of dissolved organic carbon
(DOC) concentrations in surface waters (Monteith et al.
2007). Browning of surface waters has potential impacts on
carbon storage and emissions of greenhouse gases (Tranvik
et al. 2009) as well as ecological functioning of freshwaters,
e.g., productivity (Finstad et al. 2014), mercury accumulation
in aquatic foodwebs (French et al. 2014), oxythermal habitat
for aquatic biota (Couture et al. 2015), and ecosystem serv-
ices such as drinking water supply (Anderson et al. 2017). A
better understanding of sensitivities and responses of carbon
cycling in the catchment-lake aquatic continuum to envi-
ronmental change is required to address a wide range of
environmental challenges.
Quantitative accounting of aquatic organic carbon cycling
in the carbon sink function of northern landscapes is com-
plex because CO2 effluxes from lakes originate both from
catchment soils and in-lake production of CO2. Especially in
small, oligotrophic lakes with a large catchment to lake
ratio, the imprint of terrestrial carbon on lakes is consider-
able (Prairie 2008; Roehm et al. 2009). Improved source attri-
bution of surface water CO2 dynamics to processing of
terrigenous DOC (Jonsson et al. 2007) is valuable for under-
standing the role of surface waters in the carbon cycle.
Catchment DOC fluxes and concentrations as well as
aquatic carbon storage are particularly sensitive to changes
in precipitation, through changes in hydrological pathways,
source mobilization of organic matter, and water residence
times (Algesten et al. 2004; Raymond and Saiers 2010;
Moody et al. 2013; Catalan et al. 2016). Other drivers
include chemistry (Monteith et al. 2007), light (Cory et al.
2014), and temperature-driven respiration (Jonsson et al.
2001). Disentangling impacts of various drivers on carbon
cycling has been shown to benefit from a combination of
empirical and process-based approaches (Futter and de Wit
2008; Birkel et al. 2014; Couture et al. 2015). Combining
process-based modeling with multi-decade series of empirical
lake input-outputs of DOC potentially allows for quantifica-
tion of the fate of DOC and attribution of DOC removal to
defined processes. Such time series are scarce, and to our
knowledge, only one other long-term (> 10 yr) record of
DOC fluxes boreal lake catchment, combined with process-
based modeling, has been published (Holmberg et al. 2014).
Here, we present a unique time series of 30 yr of monitor-
ing records (1986–2015), in combination with sediment dat-
ing and a process-based model to quantify a lake organic
carbon (DOC) budget in a boreal catchment. We (1) quantify
catchment DOC inputs, lake DOC export, and lake DOC
retention, and (2) assess the relative importance of lake proc-




The Langtjern catchment (4.8 km2; 510–750 m.a.s.l;
60.371 N, 9.727 E) is located in southeast Norway (Fig. 1)
(de Wit et al. 2014; Couture et al. 2015).
Monitoring of water chemistry and hydrology started in
1972 under the national monitoring programme for effects
of acid deposition. Land cover comprises 80% low- to unpro-
ductive Scots pine forest, and patches of Norway spruce,
interspersed with peatlands (20%). The forest stands are
mature or close to maturity, and the last small-scale forest
harvest operations were conducted in the 1950s. The geology
consists of till derived from felsic gneisses and granites,
where thin mineral soils have developed. Deeper peaty soils
are found at topographic depressions and close to streams.
Mean annual temperature, precipitation, and discharge
(1986–2015) are 2.58C, 901 mm, and 650 mm.
The lake (0.23 km2) is fed by two main inlet streams
(LAE02, south; subcatchment area 1.8 km2, LAE03, east, sub-
catchment area 0.8 km2, Fig. 1) draining 60% of the catch-
ment, and is ca. 1 km long and consists of three basins with
a total volume of 5.6 3 105 m3 and mean depth of 2 m, and
has a mean residence time of 2.2 months. The lake is dimic-
tic and establishes a thermocline in the summer at 1–3 m
depth. Mean pH, total organic carbon (TOC), total P, and
total N (2011-2015) are 5.0, 10.9 mg C L21, 4.9 lg P L21,
and 268 lg N L21, respectively. Mean chlorophyll a is<2 lg
L21. The lake has shown a strong chemical recovery from
acidification since the 1980s (Garmo et al. 2014).
Monitoring program
Discharge at the lake outlet has been monitored since
1973 by means of a V notch weir. Discharge in the LAE03
inlet is calculated based on a water balance for the lake (Sup-
porting Information). Stream water grab samples for acid-
base chemistry (major cations and anions, pH, alkalinity) are
collected weekly (outlet) and weekly to monthly (inlets;
LAE03 with the most complete time series), and have been
analyzed for TOC since 1986. Details on sampling methods
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and chemical analysis are found in de Wit et al. (2014).
DOC (filtered by 0.45 lm) is on average 94% of TOC which
renders particulate OC (POC) as on average 6% of TOC (Sup-
porting Information). We will henceforth refer to “DOC”
instead of TOC.
Since June 2010, an on-site weather station has been
recording air temperature, relative humidity, and wind direc-
tion and speed, while high-frequency sensors in a lake buoy
monitor water temperature and dissolved oxygen, in the
northern lake basin and data are transferred to NIVA daily
(www.niva.no/langtjern).
Meteorological data
Time series of daily cloud cover, air temperature (8C), rela-
tive humidity (%), air pressure (kpa), wind speed (m s21),
and precipitation (mm d21) were obtained from a nearby
meteorological station as described in Couture et al. (2015).
Air temperature and precipitation were adapted to local con-
ditions using parallel weather records from the in situ
weather station (Supporting Information).
Lake sediment
A sediment core was collected in April 2016 at the deepest
point of the northern basin (9 m). Sediment mass and OC
accumulation rates were determined by dating the samples
using the 210Pb approach, method which is a well-established
method to assess the chronology of sedimentary deposits dur-
ing the last 100–150 yr (Supporting Information).
Calculations
Element fluxes in inlet (LAE03) and outlet streams were
calculated using measured daily discharge and estimated
daily concentrations. Daily DOC concentration time series
were either interpolated from measured concentrations
through a cubic spline (data gap<40 d) or were estimated
using an empirical relationship between measured DOC and
continuously monitored parameters (soil temperature) (Sup-
porting Information). Daily concentrations of total P,
nitrate, and ammonium were derived by interpolating
observed data from LAE03 (data gap<40 d) or using long-
term monthly medians (data gap40 d).
Fig. 1. The Langtjern lake catchment and its position in Norway. Subcatchment LAE03 to the east. The boarder between the three lake basins indi-
cated by dotted line.
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Daily DOC loads from the catchment to the lake were cal-
culated by area-scaling the inlet discharge (LAE03 stream)
and multiplying by the derived daily DOC time series. Paral-
lel records of DOC in both inlet streams (1999, 2005
onward) showed strong correspondence in seasonality and
absolute concentrations, which supports the area-scaling of
LAE03 to the entire catchment. Daily DOC fluxes in the out-
let were calculated by multiplying daily discharge with daily
interpolated DOC. Lake DOC retention was calculated as the
difference between annual catchment inputs and lake
export, and was expressed as g C m22 catchment yr21, or as
% of the catchment DOC inputs. Water retention time
(WRT, yr) was calculated as the ratio of lake volume (m3)
and annual inlet discharge (m3 yr21).
The rate of DOC removal “k” (yr21) in the lake was calcu-
lated using annual mean DOC concentrations in inlet
(DOCin) and outlet (DOCout) and WRT, using the equation







The lake model MyLake v. 2 is one-dimensional, general
purpose lake model implemented as a MATLAB package and
designed for the simulation of seasonal ice-formation, water
column stability, daily heat distribution, P species dynamics,
and phytoplankton abundance in lakes (Saloranta and
Andersen 2007). The model has been used for simulating
DOC dynamics in boreal lakes (Holmberg et al. 2014) and
has recently been extended for coupled oxygen and carbon
dynamics (Couture et al. 2015). State variables include POC
(both autochthonous and allochthonous), DOC, and dis-
solved inorganic carbon (DIC). In addition to time series of
weather inputs, the model requires daily inputs of inflow
volumes (m3 d21) and concentrations of DOC, dissolved
oxygen, total P, nitrate, and ammonium, allocated to indi-
vidual lake sub-basins. POC and DIC were not measured and
are thus not provided as inputs. Formation of POC by algal
growth was expected to be negligible because of nutrient
and light limitation in this humic, oligotrophic lake.
We used MyLake to quantify in-lake DOC removal rates.
Three key processes responsible for DOC processing repre-
sented in the model are: microbial metabolism, photo-
mineralization, and flocculation-driven sedimentation.
Metabolism and photo-mineralization both yield DIC, while
flocculation yields POC. The sediment mass accumulation
rate from the dated sediment core was used to constrain
modeled flocculation rates. Parameter values were optimized
using automated procedures derived from (Couture et al.
2015). Performance was evaluated using a calibration (1997–
2001) and validation period (1991–1995), and for the entire
time series. The two 6-yr time windows for calibration and
validation were selected in the pre-2003 period because of
higher water sampling frequency (i.e., weekly rather than
monthly for the inlets). Daily DOC removal rates were calcu-
lated by integrating individual process rates over the entire
water column. Further details on equations governing DOC
processing and model calibration are given in the Supporting
Information. Daily removal rates were summed to annual
removal for each process. The mean annual total lake
removal from MyLake was slightly lower than mean annual
mass-balance based lake DOC retention. To correct for this
in the lake carbon budget, each process removal rate was
multiplied with the ratio of mass-balance based lake DOC
retention to MyLake-based lake DOC retention.
Trend calculations and statistics
Trends and trend slopes were calculated using the Mann-
Kendall test and the Sen’s slope estimator (Helsel and Hirsch
1992). These methods are commonly used for quantification
of trends in water chemistry time series (Monteith et al.
2007; Garmo et al. 2014; de Wit et al. 2016b). Details are
given in Supporting Information.
Potential drivers of long-term change in mean annual
DOC fluxes and concentrations were identified by testing for
significant relationships between averaged annual stream-
water sulfate concentrations, temperature, and summed
Table 1. Mean annual fluxes of water and DOC from the catchment to the lake, and at the lake outlet, and lake DOC retention,
expressed on catchment area basis. Trends estimated using Sen-slope estimator and Mann-Kendal test. Significance levels: * p<0.05;
** p<0.01; *** p<0.001. n.s., not significant.
Catchment to lake Lake outlet
Lake retention
Discharge Flux Concentration Discharge Flux Concentration
mm g C m22 mg C L21 mm g C m22 mg C L21 g C m22 % of inputs
Mean 627 7.3 11.9 669 6.7 10.4 0.6 8.4
Standard deviation 144 1.7 0.9 156 1.8 1.1 0.3 4.3
Slope 7.7 0.13 0.05 8.4 0.14 0.09 0.00 20.3
Slope (% yr21) 1.2 1.8 0.4 1.3 2.1 0.8 20.4 —
P * *** ** * *** *** n.s. *
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precipitation and discharge using forward selection multiple
stepwise regression (SMR; 0.05 significance threshold). Domi-
nant drivers of trends were assessed by testing for signifi-
cance of the correlation between SMR model residuals and
year.
Results
Fluxes, concentrations, and retention
DOC export from the lake outlet between 1986 and 2015
was on average 6.761.8 g C m22 catchment area yr21 and
increased significantly (Table 1; Fig. 2a).
Trends in inlet and outlet concentrations and fluxes were
similar in direction and statistical strength. On average, lake
DOC retention was 0.6 g C m22 catchment yr21 and did not
exhibit a temporal trend. However, percent lake DOC reten-
tion declined significantly. Interannual variation in DOC
fluxes was larger than the long-term trend (Fig. 2b). Mean
annual percent lake DOC retention was between 1% and
18% of the catchment-derived inputs to the lake, and was
significantly (p<0.001) positively related to water residence
time (Fig. 2c).
Rates of lake DOC removal (yr21), estimated using annual
lake DOC retention and WRT were on average 0.49 yr21.
Annual rates of lake DOC removal (yr21) were on average
0.75 yr21, and did not correlate with WRT (Fig. 3).
Streamwater DOC concentrations and fluxes in both the
inlet and outlet were all strongly related to year (Table 2),
consistent with their positive trends (Table 1). The driver of
upward DOC concentrations was identified as declining
Fig. 2. Panel a, annual catchment DOC inputs to lake, lake DOC (left Y-axis), and lake carbon retention (calculated as difference between inputs and
outputs) (right Y-axis) in g C m22 catchment. Panel b, mean annual DOC concentrations in inlet (LAE03) and outlet (LAE01) in mg C L21 (left Y-axis)
and annual discharge of the outlet (mm) (right Y-axis). Panel c, annual lake DOC retention (empirical; calculated as difference between inputs and
outputs) and modeled annual lake DOC removal by microbial metabolism (modeled), expressed in % of catchment inputs vs. water residence time
(year). Linear regression lines added.
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sulfate while precipitation added to explain interannual vari-
ation in the inlet. The upward trend in DOC fluxes related
primarily to precipitation and secondly to sulfate. The signif-
icant decline in percent lake DOC retention could be
explained by trends in annual discharge. Lake DOC reten-
tion in g C m22 yr21 was not significantly related to
discharge.
Lake sedimentation
The estimated carbon sediment mass accumulation rate
from the dated core was 12.2 g C m22 lake yr21, which can
be assumed to be the maximum sedimentation rate as the
core was taken at the deepest point in the lake. This result
was used to calibrate sediment accumulation rate of at the
deepest point of the lake in the MyLake model.
Model-predicted lake carbon removal
MyLake reproduced outlet DOC concentration time-series
well during the calibration and validation periods (r250.85
for calibration period; 0.87 for validation period; 0.84 for
1986–2015) and root mean squared error of 1.14 mg C L21
(calibration and validation periods) and 1.17 mg C L21
(1986–2015). Correlation coefficients between measured and
simulated daily and annual DOC export were 0.99. Modeled
lake carbon removal was 0.4 g C m22 catchment yr21, which
is 25% lower than mass-balance estimated lake retention.
Fig. 3. Lake DOC removal rates (yr21) vs. WRT (yr). Linear regression line added.
Table 2. Results of statistical analysis of catchment and lake carbon cycling at Langtjern. Linear regression between mean annual
concentrations and summed fluxes, retention of DOC and year (t-ratio and p values). Linear regression models with variables (eligible:
temperature, precipitation, SO4, discharge) selected by forward stepwise selection, presented in sequence of selection (t-ratio, and p
values for slope, R2). Significance level of linear regression of model residuals (from one or two model variables) and year. Significance
levels: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001. n.s., not significant.
Linear regression
Variables in linear regression models in order














Inlet DOC concentrations 3.72 *** 25.28 **** 23.39 ** 0.54 n.s. —






Catchment inputs 3.81 *** 3.65 ** 23.38 ** 0.57 ** n.s.
Lake DOC export 3.9 *** 3.75 *** 23.44 ** 0.58 ** n.s.
year Discharge§ Discharge§
DOC retention (g C m22 yr21) — n.s. — n.s. — — — n.s. —
DOC retention (%) 22.45 * 24.45 **** — — — n.s. —
† Mean concentrations of streamwater SO4.
‡ Mean annual precipitation.
§ Mean annual discharge.
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Notwithstanding the excellent model fit of the DOC concen-
trations, annual modeled lake DOC export showed a small,
(3.5%), but significant (pairwise comparison, p<0.0001)
underestimation of empirically estimated lake DOC export
of 0.23 g C m22 catchment area yr21 (data not shown). Mod-
eled daily DOC concentrations were slightly lower than meas-
ured values during high-flow situations (data not shown)
when most export occurs, which likely explains the underesti-
mation of in-lake retention. This underestimation is an arti-
fact of the calibration procedure in which each concentration
value was weighted equally, thereby down-weighting the
influence of relatively rare high-flow events. The contribution
of total annual lake carbon removal attributed to microbial
metabolism, flocculation, and photo-mineralization (mean6
standard deviation) was 0.2860.06, 0.1360.01, and<0.01,
all in g C m22 catchment yr21, respectively. The percentage
of DOC inputs removed by microbial metabolism (Fig. 2C)
increased significantly (p<0.0001) with water residence time.
Lake carbon budget
The mean DOC budget for the lake (Fig. 4) shows that
lake retention was small compared with catchment inputs
and lake export. On average, 8% of all DOC entering the
lake did not reach the outlet. Using the modeled removal
rates, the relative contribution of microbial metabolism, floc-
culation, and photo-mineralization were calculated to be
68%, 32%, and<0.01%, respectively. In-lake removal rates
(g C m22 catchment area yr21) were calculated by multiply-
ing these proportions with mass-balance based lake DOC
retention estimates.
Discussion
A significant fraction of the worlds lakes is small and/or
found in the boreal ecoregion (Verpoorter et al. 2014), where
carbon budgets are highly sensitive to precipitation (Oquist
et al. 2014). The degree to which surface waters process car-
bon (Cole et al. 2007) and whether lakes should be concep-
tualized as “passive pipes” transporting organic matter to the
sea or active “landscape chimneys” emitting greenhouse
gases to the atmosphere (Prairie 2008) is an important key to
integration of terrestrial and aquatic carbon cycling.
Here, we demonstrate, using a combination of long-term
monitoring records, sediment dating and modeling, that the
proportion of terrestrially derived DOC retained in the lake
of a boreal catchment is small (here, on average 8%) com-
pared with catchment DOC inputs, and is strongly nega-
tively dependent on precipitation. This is an important
corroboration of the snapshot study presented by de Wit
et al. (2016b) documenting precipitation controls on surface-
water DOC fluxes in Nordic catchments. To our knowledge,
Langtjern is one of very few multi-decadal records of annual
lake DOC budgets except for Dillon and Molot (2005).
Others have also found low DOC retention in small boreal
catchments (i.e., 9%, Juutinen et al. 2013). The low fraction
of DOC retained is consistent with the low water residence
times and low DOC removal in northern lakes with catch-
ment to lake ratios over 6–10 (for Langtjern, this ratio is 21)
(Engstrom 1987; Sobek et al. 2007).
The boreal catchment-lake continuum at Langtjern is a
show-case of environmental change and its impact on catch-
ment fluxes and lake cycling of DOC. The strong decline in
sulfate concentrations, driven by reduced sulfate deposition,
is typical for North American and European surface waters
(Garmo et al. 2014). Here, we show that this decline not
only impacts DOC concentrations, as shown many times
previously (de Wit et al. 2007; Monteith et al. 2007) but also
promotes catchment DOC export, suggesting that lateral
DOC fluxes in the boreal landscape may currently be signifi-
cantly higher than during the 1980s and 1990s, even without
changes in precipitation. However, increasing precipitation is
the dominant driver of increased lateral DOC fluxes at Langt-
jern, consistent with the mobilization effect of precipitation
on DOC concentrations observed for Nordic surface waters
(de Wit et al. 2016b). Similar effects of precipitation were also
shown for catchment loadings of DIC (Roehm et al. 2009;
Vachon and del Giorgio 2014), while positive relationships
between precipitation and DOC fluxes have been reported
elsewhere (e.g., Dillon and Molot 2005; Zwart et al. 2017).
Increases in lateral DOC export from catchments to surface
waters caused by higher rainfall could imply lower terrestrial
carbon sequestration, if net primary productivity remains
unaltered or even declines in wet years (Oquist et al. 2014).
The empirical mass balance provides evidence of long-term
changes in lake DOC retention but is a black box with regard
to the fate of terrestrially derived DOC. Using the process-
based model MyLake, we suggest that microbial metabolism is
the dominating process for in-lake DOC removal, while floc-
culation is secondary and photo-mineralization is negligible.
These findings are consistent with who ascribed summer in-
water losses of DOC in a humic lake 90% to biological activity
and 10% photo-mineralization (Jonsson et al. 2001) as well as
the simulations performed by Futter et al. (2008) for the car-
bon budget of a small humic lake and its catchment.
Fig. 4. Carbon budget of lake in g C m22 catchment yr21. DOC
inputs, DOC outputs, and lake DOC retention in annual mean6
standard deviations (1986–2015). Lake DOC retention (modeled) parti-
tioned into three processes of carbon removal from water phase: (1)
microbical metabolism, (2) flocculation, and (3) photo-mineralization.
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In our 30-yr time series, model optimization did not iden-
tify a significant impact of photo-mineralization on the fate
of DOC in the entire water column, possibly in part because
the lake is ice-covered for ca. 6 months. Measurements of
photochemical DIC production as a function of depth in a
humic lake by Groeneveld et al. (2016) suggest that photo-
mineralization becomes negligible below 5 cm depth. Never-
theless, in shallow humic lakes, thermokarst and permafrost
ponds in the arctic (Laurion and Mladenov 2013; Cory et al.
2014), photo-degradation of DOC to labile organics of
smaller molecular weight was shown to be a dominant trans-
formation process of DOC rendering DOC more labile. Our
model results, suggesting that photo-mineralization did not
play a substantial role for lake DOC removal at Langtjern,
likely reflect that greater lake depth and lower water residence
times allow that other processes than photo-mineralization
become more dominant than for these arctic ponds.
The fate of retained DOC is thus primarily governed by
microbial activity, turning DOC into CO2, while sedimenta-
tion of flocculated DOC is second-important. The most likely
fate of DOC removed by microbial activity is a return to the
atmosphere via the intermittent state as DIC. The amount of
carbon removed by flocculation is interpreted as the mean
lake sedimentation rate, which was 31% of the maximum
lake sediment rate estimated using the dated sediment core.
The difference between mean and maximum sedimentation
rates is recognized as driven by sediment focusing and usu-
ally presents a challenge for extrapolation of single-core
information to the whole-lake (Engstrom and Rose 2013).
Others have used sediment focusing corrections factors of
0.4–0.8 for upscaling of single core carbon accumulation to
whole lakes (Buffam et al. 2011).
The landscape impact of increasing precipitation, promot-
ing lateral DOC export but reducing percent in-lake DOC
retention, primarily by microbial metabolism, implies that a
lower proportion of the catchment DOC inputs will be con-
verted to CO2 under wetter conditions, associated with
shorter WRTs. The annual lake DOC removal rate did not
depend on WRT. This presents further support for our expec-
tation of a lower conversion of DOC to CO2 under increased
precipitation.
The lack of relationship between DOC removal rates and
WRT contrasts with the negative relationship between DOC
decay rates and WRT demonstrated by Catalan et al. (2016).
Our study suggests that lake carbon cycling under a wetting
climate primarily results in a lower percent carbon retention,
without a change in the decay rate. By contrast, Catalan et al.
(2016) implied that lake DOC decay rates in boreal regions will
increase under climate wetting. The basis for Catalan’s projec-
tion of future lake DOC removal lies in the observed negative
relationship between DOC decay rates and water residence time
for a gradient of small headwaters to oceans. Catalan and
coworkers explain the negative relation between decay rates
and water residence time as the consequence of declining
organic matter reactivity, expressed as fraction yr21, down-
stream along the aquatic continuum. In our case study, the
process-based model describes the lower lake DOC removal
without changing the lability of dissolved organic matter
(DOM).
Catalan and coworkers use a space-for-time substitution
to infer impacts of climate change, a method that assumes
spatial variation is equivalent to temporal change (Pickett
1989). This assumption is challenged by our evidence from
long-term monitoring records.
Space-for-time substitutions are frequently used as an
approach to infer ecosystem responses to environmental
change. Comparing insights on ecosystem responses from
space-for-time substitutions and from temporal records is
worthy of a far more extensive discussion than we can pro-
vide here. Clearly, long-term records of ecosystem monitor-
ing are immensely valuable as ground truth data for
assessing impacts of environmental change.
Our study suggests that in a wetter climate, small northern
lakes will, on balance, function more as pipes than reactors,
with increasing lateral DOC fluxes but little change in CO2 pro-
duction frommicrobial processing of terrestrial organic matter.
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